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Amorphous Er-doped GeOx alloys were prepared by evaporation on substrates maintained at
100 °C. Photoluminescence experiments were carried out in the visible and near-infrared ranges.
The Er-related peak was observed at 1.54 m at room temperature in the as deposited samples. The
PL of erbium is characterized by a weak temperature quenching and by a decay time in the
millisecond range. The luminescence of Er is a decreasing function of the annealing temperature.
Undoped GeOx layers showed a PL band at 800 nm, attributed to defects states, which disappeared
when Er is introduced. The intense Er-related luminescence was assigned to an indirect excitation
process from defects states to Er ions. © 2007 American Institute of Physics.
DOI: 10.1063/1.2811725
Erbium has played an important role in the development
of the optical communication technology in the last years
because the 4I13/2→ 4I15/2 transition in the internal 4f shell of
the trivalent Er3+ ion presents an emission at 1.54 m
0.8 eV which corresponds to the maximum transparency of
the silica-based optical fiber. Er-doped thin films can be used
to obtain planar optical amplifiers and many studies were
focused on oxide glasses such as SiO2, phosphosilicate, or
borosilicate glasses, or on ceramic thin film such as Al2O3,
Y2O3, or LiNbO3, or on amorphous or crystalline silicon.
1
Studies on Er-doped crystalline silicon have shown that
Er3+ ions can be efficiently excited through electron-hole pair
recombination or by impact of energetic carriers.2,3 However,
such systems present a strong temperature quenching which
is due to Auger dissociation of electron-hole pairs and energy
back transfer to silicon.4 This thermal quenching is strongly
reduced when oxygen is coimplanted and the Er lumines-
cence yield at room temperature is improved.5 In the pres-
ence of silicon nanocrystals Si-nc, the Er-related photolu-
minescence PL is strongly improved. This effect is
attributed to a strong coupling between Er3+ ions and Si-nc.
The Er ions can then indirectly be excited by Si-nc that have
an absorption cross section several orders of magnitude
higher than that of direct Er excitation.6,7
Contrary to the intense research that has been carried out
on the Er-doped Si-based materials, there are very few re-
ports on the luminescence from Er-doped Ge-based thin
films. These materials are of interest from fundamental and
applied points of view. For example, Er-doped SiGe alloys
are interesting structures for active waveguide fabrication be-
cause the presence of Ge increases the refractive index.8,9
However, in Er-doped SiGe samples, a decrease in the PL
intensity and a stronger temperature dependence were ob-
served with increasing Ge content.10 Two papers have re-
ported the Er-related PL in Ge and Er-doped SiO2 thin
films.11,12 In these works, the authors concluded to the prob-
able existence of a coupling phenomenon from Ge nanoclus-
ters to Er ions, in a similar way with what happens with Si
nanocrystals. Moreover, in the case of Er-doped Ge, it was
shown that the oxidation of the layer improves the lumines-
cence properties of Er.13 Indeed, the authors have shown that,
in Er-doped nanocrystalline Ge prepared by evaporation, the
1.54 m PL is only obtained after oxidation of the film by
annealing in air at 500 °C. No energy transfer was clearly
demonstrated in Er-doped GeOx layers.
Our group has recently prepared GeOx films by
evaporation.14,15 With thermal annealing, these films present
a phase separation inducing the appearance of Ge aggregates
or Ge-rich areas in a GeO2 matrix. The evolution of the
infrared IR absorption and Raman spectrometries corre-
lated to the PL experiments suggests that the PL originates in
the presence of defects in the oxide matrix for annealing
temperatures less than 350 °C and in the Ge aggregates for
higher annealing temperatures. In this letter, we report on a
study of Er-doped GeOx thin films. It is shown that the lu-
minescence at 1.54 m can be observed in as deposited
samples and in the annealed samples for annealing tempera-
tures lower than 500 °C. The high luminescence is assigned
to an energy transfer mechanism occurring between the elec-
tronic states located in the GeOx band gap and the Er
3+ ions.
The PL disappears after apparition of Ge nanocristals in
GeOx matrix.
The 200 nm thick films were obtained by evaporation of
a GeO2 powder from an electron beam gun. The base pres-
sure was 10−8 Torr. The pressure increases during the evapo-
ration until 310−6 Torr, due to partial decomposition of
GeO2. Consequently, the films are substoichiometric and
their composition, estimated by energy dispersive x-ray spec-
troscopy, is GeO1.5. The silicon substrates were maintained at
100 °C. The deposition rate, controlled by a quartz microbal-
ance, was 0.1 nm /s. For Er doping, the temperature of the
effusion cell was around 1100 °C. The cell was calibrated by
a quartz microbalance, allowing us to control the rare-earth
content. The Er composition, defined by CEr= Er / Ge
+ O+ Er, is equal to 2.45%. After deposition, the films
were annealed in a high-vacuum quartz tube with a tubularaElectronic mail: vergnat@lpm.u-nancy.fr
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oven. The heating rate was 10 °C min−1. When the anneal-
ing temperature Ta was reached, this oven was pushed away
and the films cooled naturally. Transmission electron micros-
copy has shown that the films remain amorphous for Ta
lower than 600 °C.
The PL in the range of 500–1700 nm was analyzed by a
monochromator equipped with a 600 grooves /mm grating
and by a photomultiplier tube cooled at 190 K. Both
continuous-wave CW and time-resolved TR PL experi-
ments were performed. For the CW experiments, the sample
was excited by a 30 mW He–Cd laser using the 325 nm line.
For the TR-PL experiments, the sample was pumped by the
355 nm line of a frequency-trippled YAG yttrium alu-
minium garnet:Nd laser. The laser pulse frequency, energy,
and duration were typically equal to 10 Hz, 50 J, and
20 ns, respectively. The response of the detection system was
precisely calibrated with a tungsten wire calibration source.
Figure 1 shows the room-temperature 1.54 m PL spec-
tra for different annealing temperatures. These spectra corre-
spond to the 4I13/2→ 4I15/2 transition in the internal 4f shell
of the trivalent Er3+ ions. Their shapes are very similar to
that observed by Chen et al.13 for an Er-doped germanium
films prepared by evaporation and annealed in air at 500 °C
for 1 h. The spectrum of the sample annealed at 300 °C is
identical to that of the as deposited sample. For higher an-
nealing temperatures, the intensity of the PL peak decreases
and the PL disappears for Ta equal to 500 °C.
PL measurements at 77 K in the range of 500–1700 nm
are represented in Fig. 2 for undoped and Er-doped samples
Fig. 2. For the as deposited undoped sample, the PL spec-
trum shows a very broad band between 700 and 1300 nm.
The spectrum remains very similar for Ta less than 350 °C.
For higher annealing temperatures, this band disappears and
another weaker and broad band appears with a maximum
near 1400 nm. In a previous paper the PL in the visible range
was attributed to radiative defects states in the band gap
structure.14 These defects remain up to annealing tempera-
tures equal to around 350 °C. With annealing treatments at
higher temperatures, there is a strong modification of the
structure, characterized by the suppression of these defects
and by the phase separation of the alloy with the appearance
of Ge aggregates in a GeO2 matrix. The PL band which
appears around 1400 nm, corresponds to energies slightly
higher than the band gap of germanium and could be as-
signed to confined Ge aggregates.
The PL spectra of the doped samples present the
1.54 m Er-related PL peak. The intensity of the peak for
the as deposited film is strong whereas the large band around
800 nm has disappeared, suggesting that an energy transfer
between the defects states and the Er levels could exist. Only
a band is visible at 980 nm corresponding to the 4I11/2
→ 4I15/2 transition in the Er3+ ions. The sample annealed at
450 °C shows a much weaker Er3+ PL peak, and the near-
infrared band attributed to Ge aggregates is unchanged. Con-
trary to silicon, it seems that there is no energy transfer be-
tween the Ge aggregates and the Er3+ ions. In fact, the Si-nc
present a PL band around 800 nm, which corresponds to the
4I9/2 energy level of erbium, which explains the efficient en-
ergy transfer between Si-nc and Er3+ ions. It can be supposed
that, in the germanium oxide alloys, such a resonance occurs
from the energy of the defects present in the matrix for Ta
lower than 350 °C. Higher annealing temperatures lead to
the disappearance of these defects and therefore of the cou-
pling, which could explain the decrease of the Er-related PL
peak intensity. For the sample annealed at 450 °C, the PL
band corresponding to the nanoclusters is very weak at
800 nm and the coupling with the 4I9/2 energy level of er-
bium is unlikely. Moreover, for the erbium-doped sample,
this band is unchanged, which is the proof that no coupling
occurs. Moreover, due to the phase separation process in-
duced by the annealing treatments, amorphous Ge aggregates
appear and grow up. Consequently, the largest germanium
clusters which have a band gap close to that of bulk germa-
nium 0.66 eV at 300 K could also contribute to the de-
crease of the intensity by absorption of the signal emitted by
the Er3+ ions.
The time dependence of the 1.54 m PL at room tem-
perature is represented in Fig. 3 for an as deposited sample.
The intensity decrease versus the time follows an exponen-
tial behavior. The PL decay time, equal to 1.7 ms, is very
similar to the PL decay time of Er-doped Si-rich SiO2
matrix.16
FIG. 1. Room-temperature PL spectra of Er-doped GeOx alloys for different
annealing temperatures Ta.
FIG. 2. PL spectra at 77 K of GeOx and Er-doped GeOx alloys for as
deposited samples a and for samples annealed at 450 °C b.
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The temperature dependence of the integrated intensity
of the 1.54 m Er-related PL peak and of the decay time are
represented in Fig. 4. The decay time is equal to 3.5 ms at
4.2 K and it decreases slowly with temperature until the
value of 1.7 ms at 300 K is reached. This decrease indicates
that thermally activated processes occur in the material.
These processes have also influence on the PL integrated
intensity which decreases very slowly between 4.2 and
100 K and more rapidly between 100 and 300 K. The inten-
sity is divided by a factor of 5 between 4.2 and 300 K. This
temperature quenching is slightly greater than that observed
for Er in SiO2 containing Si-nc Ref. 7 but it is, however,
much smaller than that observed in crystalline silicon which
presents a ratio greater than a factor of 100 in the range of
77–300 K.5,17 These different values suggest that thermally
activated processes exist in Er-doped GeOx. Their influence
is comparable to that observed in SiO2 containing Si-nc, but
it is much weaker than that observed in bulk Si.
In summary, the 1.54 m Er-related PL peak can be ob-
served in Er-doped GeOx alloys prepared by evaporation.
The temperature quenching of the PL is weak, that allows us
to obtain a high PL intensity at room temperature. The en-
ergy and decay time of this PL are very similar to that ob-
tained in Er-doped Si-rich SiO2 matrix. For the films an-
nealed at temperatures lower than 350 °C, the 1.54 m PL
intensity is strong. For higher annealing temperatures, the
intensity of the Er-related peak rapidly decreases. A probable
energy transfer mechanism from defect states in the band gap
of the GeOx matrix to the Er ions could be at the origin of the
Er-related PL.
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FIG. 3. Time dependence of the 1.54 m PL for the Er-doped GeOx as
deposited sample.
FIG. 4. Temperature dependence of the 1.54 m PL integrated intensity 
and of the decay time  in the range of 25–300 K for the Er-doped GeOx
as deposited sample. The intensity values are normalized versus the intensity
measured at 4.2 K.
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